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ABST~CT 
.. 
. ,_ ... 
Tidal inlets in a coastal environment are very 
susceptible to sedimentation due to sand carried by current 
and wave action. Sand deposition in an inlet can cause 
1 meandering of the navigation channel and retreat of downstream 
beaches. Fluidization is an attractive alternative to 
dredging as a method of maintaining inlets. Fluidization is 
a process by which non-cohesive sediment is suspended in a 
fluid which emanates from orifices in a pipe lying buried in 
the sand bed. The resulting slurry can be removed from above 
the pipe using gravity flow, a strong overlying ebb tide, or 
mechanical removal wi 'bh a pump. ·Past research has assessed 
ti 
the feasibility of using fluidization in a coastal environment 
with very positive results. In the present investigation, 
tests are conducted to deter1nine the optimum orifice size 
which achieves full fluidization and desired trench width at 
different bed depths and for different sands. 
~~9-dimensional fluidization experiments are performed 
on a fine and a medium-course quartz sand at depths of 42 cm 
and 2 5. 4 cm above the pipe. Four pipes are used with orifices 
' 
diameters of 1/16", 1/8", 3/16'', and 1/4'' spaced 21• on centers 
and located on either side opposing in the'horizontal plane. 
Hydraulic head in the bed and geometry of the fluidized region 
1 
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is measured throughout the experiment. Upon full fluidization, 
slurry is removed from the region and the subsequent slumping 
~ 
of the trench sides is monitored until an equilibrium profile 
is achieved. 
This experimentation has proven quantitatively the 
relationship between orifice size and internal pipe pressure, 
trench width, and flow rate. Fluidization was achieved with 
all of the pipe samples tested. However, full fluidization 
was achieved at higher flow rates and lower resulting internal 
pipe pressures using pipes with large orifices. Further, 
smaller orifice sizes did not produce significantly larger top 
widths. Ultimate top width is found to be much more dependen_t 
on burial depth. 
The choice • size a • in • pipe orifice for use of a 
system depends on design and field 
! 
fluidization 
constraints. Results of 11 this experimentation have better 
defined parameters for the selection of a fluidization pipe. 
With low internal fluidization pipe ·pressure as a limiting 
factor, due to the cost considerations of purchasing .stronger 
pip~, a large diameter orifice should be used. If minimizing 
flow rate is the most important consideration due to limited 
pumping capacity, a small diameter orifice would be used. 
Finally, if ultimate trench width is the most important 
consideration,' any of the pipes could be chosen and buried at 
a deeper depth. 
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CHAPTER 1 - INTRODUCTION 
1.1 The Pluidization Process 
Fluidization is defined as the suspension of non~cohesive 
sediment particles in a f 1luid flowing upward at a sufficiently 
high velocity. The fluid can be either liquid or gas. A 
.. 
sediment bed is fluidized when fluid passes upward through the 
porous media exerting a drag force on the particles which 
exceeds the submerged weight of the particles. Fluidization 
can be classified as one-, two- , or three-dimensional 
depending on the directional degrees of freedom~. In this 
study, water is passed through a uniformly distributed 
two-dimensional quartz sand bed. The flow is unbounded in the 
{) 
horizontal and vertical directions and represents an infinite 
length pipe in third dimension. 
Applying the fluidization process in the coastal 
environment as a management tool is an innovative use for a 
technique that is well established for one-dimensional 
applications. Traditionally, fluidization has been used 
extensively in the fields of sanitary and chemical 
.I 
engineering. Sanitary engineers have.used fluidization for 
almost one hundred years in backwashing techniques which clean 
sand filtering systems used in water treatment • 
. 3 
I 
., 
·- •' ! 
.. 
chemical engineers have used fluidization for many years in ( 
I 
pro9esses which include petroleum refining, heat transfer, and 
catalytic cracking processes. . In the coastal environment, 
fluidization is provingl to be a technically feasible method 
for sand management. Fluidization can be used as a~ depth 
maintenance technique for navigable channels, as a sand 
by-passing technique, or for both purposes simultaneously. 
In Anna Maria, Florida (Collins, et al., 1987) a prototype 
fluidization system was constructed to maintain a navigation 
.• 
channel and operated successfully over several years. 
! 
Clifford· (1988) identified five specific stages which 
occur for two-dimensional fluidization including 
pre-fluidization, (b) / initial fluidization, (c) 
., 
(a) 
full 
fluidization, (d) slurry removal, and (e) jet erosion. The 
process begins with flow issuing as jets from orifices in a 
ff sourc~ pipe buried beneath a bed of non-coh~sive sediment. In 
' 
the pre-fluidization stage,: as 
I 
f1ow rate through the pipe 
I 
increases, pressure in the !bed • increases. At the point of 
I 
' 
fluidization, pressure in the bed reaches a maximum value,. and 
the velocity through the bed exceeds the settling velocity of 
the particles. 
through visual 
Initiation of fluidization can be verified 
As fluidization • 1S inspection as well. 
achieved, a 'pipe' of liquified sand expands up towards the 
surface. Flow .~~y emanate from a single orifice or from many 
~ - ... ~. I . 
orifices. The bed may rise entirely or a single 'pipe' of 
••,; 
fluid may burst through 1;:he top of the bed. An interface 
4 . ' 
.. 
... , ... 
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between the fluidized and un·fluidized region forms (Figure 
1.1). The 'fll1idized region acts like a dense fluid while the 
unfluidized I region a fixed bed with resembles leakage 
occurring across the boundary. Piping, or regions of 
fluidized material • regions of unfluidized separated by 
material, can occur depending on the compaction of the bed and 
the characteristics of the sediment. 
As flow rate is increased further the full-fluidization 
stage is approached. As illustrated by Ql and Q2 in Figure 
1.1, particles are eroded from the unfluidized region and the 
fluidized region widens, becoming more symmetrical. Particles 
eroded by the jets follow one of two paths. Particles either 
move up along the fluidized/unfluidized boundary and are 
~ 
ejected out into berms or the particles become entrained~ in. 
the jets and move in a circular motion. When particles become 
entrained in the jets, they move upwards and toward the axis 
of symmetry where they experience lower velocities which cause 
the particles to settle back down towards the high intensity 
jet~ at the pipe (velocities illustrated as Vl through V5 ·in 
Figure 1.1). The water exits out of the top of the slurry and 
flows toward the outflow weir. 
Equilibrium is achieved at a specific flow rate when no 
more particles are being eroded from the boundary and no more 
particles are being ejected onto the berms. Flow emanates 
equally from all of the orifices. Full fluidization is more 
difficult to determine visually than initial fluidization. 
~ ., 
5 
...... , ' -/' 
. i1·· 
,,,,1 
' . . . 
-',_<;,::.,,.Ji;>-., ---- ....... ,;._. 
\ 
' 
I 
' ,; 
' 
,. :1-
.rw r 
., 
.. -. -·· 
• 
,· ·1. 
,, .. 
____ _.; 
/' 
0 
Often the fluidized zone is not symmetrical and the slurry may 
not be of uniform consistency in all dimensions. 
Unfortunately, determination of - full fluidization ' 1S 
subjective and therefore it is difficult to predict the exact 
moment when full fluidization occurs. 
Once full fluidization is reached, slurry can be removed 
from the system. Slurry removal causes the side walls to 
slump to the angle of repose of the media. The jets erod~ 
material at the base·of the side walls and the trench expands. 
When all slurry is removed, a well defined symmetrical trench 
remains. The five stages are illustrated in Figure 1.2. 
Past investigators, specifically Roberts (1986) and 
Clifford (1988), have focused on all of the five stages 
discussed above but mainly using a pipe with 1/8" orifices 
6 
spaced 2'' apart on center and horizontally opposed... The 
present study is an extension of the work of Roberts (1986) · 
and Clifford (1988) in which pipes with orifice diameters of 
1/1611 , 1/8", 3/16'', and 1/4'' are used to determine the effect 
of orifice size on the five~stages of fluidization. 
' 
1.2 Literature Review 
The first investigators to suggest the use of 
fluidization for removal of sediment in a coastal environment 
were Hagyard et al. (1969). Their purpose was to fluidize and 
transport sediment from an estuary mouth by pumping water 
through a perforated pipe set on a slight slope. Although the 
6 
' 
I' 
i ,, 
' 
·: .. :: 
. . .. 
, .. 
--- f 
I 
f' 
•• 
•• 
laboratory experiments did not produce recommendations for 
hole size, spacing or orientation, the investigators found 
that leakage across the fluidized/unfluidized region interface 
decreases as flow rate increases. Also, they found that the 
angle of the fluidized zone increases with increasing flow 
rate. 
Investigators such as Inman and Harris (1970)., Bailard 
and Inman (1975), and Harris et al. (1976) studied 
fluidization using pipes with holes approximately 0.21 cm in 
diameter, 5-6 cm apart and oriented downward. Flow of water 
through the orifices created a duct under the pipe through 
which slurry could flow. -The effectiveness of their schemes 
were diminished by the formation of ''fluid holes", or regions 
oi well-fluidized sand separated by :clgions of unfluidized 
sand. The unfluidized regions acted like dams to impede the 
longitudinal flow of slurry. In further investigations, Wilson 
and Mudie (1970) oriented the orifices upward~, yet they, 
experienced the same problem of fluid holes. 
Using a small scale two-dimensional apparatus, Kelley 
( 1977) studied the relationship between hole configuration and 
top width. His purpose was to determine a hole configuration 
which would produce toe largest fluidized to width without 
slurry removal. A pipe with o. 238 cm diameter orifices placed 
2.54 cm on center was buried under a bed of sand. Water was 
pumped through th~ buried pipe and the region above the pipe 
was fluidized. Kelley determined that·the widest fluidized 
7 
' " 
., . 
. J . 
zone is achieved by placing the orifices horizontally on 
opposing sides, thus maximizing the erosive power of the jets. 
Further, the configuration of the orifices and the erosive· 
power of the jets strongly influences the ultimate size and 
shape of the fluidized region. 
? 
In order to qualitatively study the fluidization 
phenomena and its viability as an alternative to dredging, 
. Murray and Collins (1979) used a pipe of diameter 3.81 cm with 
orifices of diameter 0.24 cm placed 2.54 cm on centers buried 
beneath 15. 25 cm of sand. The 
fluidized region with top width 
investiga~ors achieved a 
. I 
' 
·of 50. 8 cm without any 
apparent ''fluid holes." They concluded that the fluidization 
process is reproducible and achievable under a variety of 
initial conditions. Also, sand can be effectively removed 
from the area by either pumping the slurry or by placing the 
pipe on a slight slope and allowing the slurry to flow under 
the influence of gravity. 
Weisman and Collins ( 1979) used the two-dimensional 
apparatus of Kelley (1977) and the three-dimensional apparatus 
of Murray and Collins (1979) to investigate the relationship 
between flow rate and width of the fluidized region and to 
assess design variables. The design variables they considered 
included fluidization hole size, hole spacing and flow rate. 
These investigators also analyzed three slurry removal 
· techniques: gravity flow of slurry down a sloping pipe, 
pumping of slurry, and scouring action of an overlying flow. 
I 
'; 
' 
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Flow rate and trench width data was collected by Weisman, and 
Collins. By qualitatively evaluating the mechanics of 
JI. 
'>.) 
fluidization, they proposed an empirica1·set of design values 
for hole size, hole spacing, and flow rate. 
Using the results from laboratory tests, Weisman et 
al.(1980) conducted a field test on a beach face at Carson's 
Inlet, New Jersey. Their objective was to deter1nine the 
feasibility of using fluidization as an alternative to 
I 
dredging and to obtain data which would aid in suggesting 
design recommendations. A 15.2 cm diameter PVC fluidization 
d 
pipe was used with orifices of diameter 0.316 cm spaced 5.08 
. 
I 
cm on center opposing each other on a horizontal plane. The 
pipe was used in two configuration: one pipe 12.2 min length 
and two pipes 6.1 min length placed in parallel. Bed depths 
i 
of approximately 30 cm and 38 cm were considered. 
Four major test results were obtained from Weisman et al. H 
(1980) at Carson's Inlet. First, a specific relationship 
between flow rate and trench width for different 
configurations was found. Second, pumping of sand from one 
end of the pipe causes widening of the channel by migration 
of slurry and slumping of the sides to the angle of repose. 
The same widening occurs if the fluidization pipe is placed 
on a slope and the slurry allowed to flow by gravity. Third, 
. ! 
the smaller the diameter of··the fluidization hole, the larger 
the resulting top width of the fluidized region. Lastly, 
clogging of the orifices is minimized by orienting the holes 
9 
',, .-
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horizontally, thus preventing sand from settling in the pipe 
when flow ceases. Based on these tests, . Weisman et al. 
concluded that fluidization is a feasible technique for sand 
management in a coastal environment, but further testing is 
necessary to determine specific design recommendations. 
Roberts (1986) designed a two-dimensional apparatus to 
continue research in fluidization. One of his objectives was 
to collect data for calibration and verification of a 
numerical model of unbounded two-dimensional fluidization 
which will be used to simulate conditions not tested in the 
' . 
la.b, including infinitely deep and wide regions (Lennon, et ,i 
al., 1989). Further, Roberts attempted to formulate boundary 
conditions between the fluidized and unfluidized regions. In 
his tests, Roberts used a 5.08 cm diameter pipe with 0.317 cm 
orifices spaced 5.08 cm on center and oriented opposing each 
other in the horizontal. Roberts considered two initial bed 
depths in his experimentat~on: 25.4 cm and 42 cm. He did not 
remove s 1 urry · from the fluidized ~From his I region. 
experiments, Roberts stated the following conclusions: 
1. During the period of pre-fluidization, the hydraulic 
head throughout the bed increases with corresponding 
increases in flow rate and is generally higher for the 
deeper bed depth. 
2. The hydraulic head in the fluidized region is 
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virtually constant in the horizontal direction at any 
elevation •. At the fluidized/unfluidized region 
interface, the head decreases and becomes non-
horjzontally oriented . 
...... ,., 
~ 3. The fluidized region top width, middle width and 
bottom width are a linear function of flow rate over the 
range of flow rates tested. 
4. During post-fluidization, th~ vertical bed expansion 
~-
increases non-linearly with an increase in flow rate. 
The average sand concentration decreases non-linearly 
with an increase in flow rate. 
5. Leakage across the fluidized/unfluidized region 
interface is less than 5% of the total inflow. 
Clifford (1988) used Roberts ( 1986) experimental 
apparatus with minor modifications to continue the work of 
Roberts, specifically to investigate the effects of slurry 
removal from the fluidized region as well as to verify 
Roberts' results. Clifford used a 5.08 cm diameter pipe 30.48 
\.: 
cm long with twelve 0.317 cm diameter orifices situated 
,,. 
horizontally opposing each :other, six on each side, spaced 
5.08 cm on center. He considered three original bed d~pths 
25.4 cm, 33 cm, and 42 cm. From his tests, Clifford co.ncluded 
. -
. --· '. 
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the following: · 
1. Complete slurry removal in the fluidized region 
results in a dramatic increase in trench width. The gain 
of overall trench width is more significant for deeper 
bed depths. 
2. For high post-fluidization flow rates, ~fter slurry 
has been removed, there is a threshold flow above which 
secondary berms form. The threshold flow rate is highe·r 
for deeper bed depths. 
3. During slurry removal, the hydraulic head in the 
fluidized region varies linearly with depth of slurry. 
In the summer of 1986, the first prototype fluidization 
system was installed in Anna Maria, Florida. Weisman, et al. 
(1987) reported on the success of the venture. The 
fluidization system was 1installed in Lake Lavista Channel, a 
short, narrow channel which connects to the southwestern 
corner of Tampa Bay allowing boats direct access from a marina 
to the ocean. The system consists of 6 - 100 1 long steel 
fluidization pipes each connected to its own riser pipe. The 
pipes were self-buried to the desired depth then rotated 
leaving the holes horizontally oriented. The channel created 
by the system is 600' long, 16' w:de, anf 4 ' deep at mean low 
····-~· 
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water. The system was re-pumped successfully approximately 
every s·ix months for a period of two years. After a fourteen 
month delay, ·the system was again pumped, but failed due to 
excessive corrosion of the steel fluidization pipe. The 
investigators agreed on the overall success of-the prototype 
system and believed more frequent re-establishment of the 
channel would avoid some of the problems experienced at Anna 
I Maria. 
Past investigations have shown that · the fluidization 
phenomena is feasible for use as a sand management tool in the 
coastal environment. However, little data is available on the 
behavior of different orifice sizes in the fluidization pipe. 
Although past researchers have attempted to define the flow 
rate necessary to initiate fluidization, the flow rate 
necessary to fully fluidize a sand bed has received little 
' 
attention. The present study seeks to more fully understand 
the transition from initiation to full fluidization and to 
-I 
) 
suggest design recommendations for a fluidization system. 
1.3 Objective and Scope 
The experimental apparatus used in this research was 
I 
designed by Roberts (1986) and modified by Clifford (1988) 
specifically to study two-dimensional fluidization 
I in an 
unbounded domain. The entire system is a self-contained, 
self-regulating recirculating hydraulic prt>totype. The 
prototype repre.sents the cross-section of a h"ypothetical 
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channel. The fluidization tank has sufficient width and depth 
to minimize wall effects ·such as short-circuiting and 
circulation. The fluidization pipe has twelve orifices, six 
on each side, horizontally opposed to maximize width of the 
fluidized region and minimize clogging problems. The orifices , 
are placed 2 '' apart on center. The data acquisition system 
is attached to half of the back panel· of the tank to allow for 
measurement of hydraulic data. 
This study was undertaken to further the understanding 
of orifice size effects on the fluidization process. 
Specifically the research is intended to: 
.J 
1. Examine the pre-fluidization behavior of a sand bed 
in which pipes with different orifice diameters are 
buried. 
2. Compare the flow rate necessary to initiate 
fluidization and the flow rate .. \ necessary to fully 
fluidize a sand bed using pipes with various orifice 
diameters. 
3. Examine the internal pipe pressure in fluidization 
pipes at various flow rates. 
·4. Assess the ability of pipes with various orifice 
diameters to achieve symmetrical fully fluidi,1zed 
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. 5. Compare the pre~ and post-slurry removal geometry of 
sand beds fluidized usi~g pipes with various orifice 
diameters. 
6. Provide data for the development of specific design 
recommendations for fluidization systems in a coastal 
environment. 
' .• 
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CHAPTER 2 - METHOD 01' IN·VBSTIGATIONS 
2.1 Experimental system 
The experimental system used in the fluidization 
experiment was designed by Roberts (1986) and later revised 
by Clifford (1981) specifically for two-dimensional 
fluidization research. The experimental apparatus consists 
of the fluidization tank, hydraulic system, head/settling 
tank, slurry removal system and data acquisition system. 
The fluidization tank (Figure 2.1) is constructed 
primarily of steel. The front panel is constructed of 
tempered glass to facilitate visual observation and 
photographing of the fluidization phenomena. The tank 
measures 365.76 cm in length, 34.29 cm in width and 121.92 cm 
in height. The fluidization pipe enters through the back 
panel at the midpoint in the horizontal and 45.7 cm from the 
bottom of the tank. · 
The hydraulic system (Figure 2. 2) , consisting of the 
fluidization pipe and feed pipe, is constructed predominantly 
of Schedule • 80 PVC Pipe. Four fluidization pipes with 
different orifice sizes were used. The four pipes are 5.08 cm 
.... ,~. in diameter, 30. 48 cm in length, and have orifices spaced 5. 08 
" 
cm on center and 2.54 cm from the back panel and the tempered 
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glass (Figure 2. 3) • The twelve orifices are drilled six on , ,, 
each side of the pipe, opposing one another in the horizontal. 
-· plane, with diameters of 1/4'', 3/16'', 1/8'', and 1/16''. A 
1-inch brass butterfly valve and a 1/2-inch needle valve are 
located in parallel and are used to control the flow rate into 
the fluidization pipe. To remove air from the pump and the 
intake line, a 2'' brass valve is located directly downstream· 
of the pump in order to recirculate water from the pump 
directly back to the head/settling tank. A tap is located on 
the supply line directly upstream of the fluidization pipe and 
is connected to a mercury manometer for measurement of 
. 
.. } 
internal pressure. 
An adjustable-height outfall weir transmits flow out of 
the fluidization tank and into the combination head/settling 
tank. The tank provides an area for sedimentation of small 
particles which are washed out of the bed. The tank is divided 
in the middle with a fine mesh screen which inhibits sand and 
entrained air from entering the intake line. In order to 
maintain a constant head in the fluidization tank, the 
adjustable weir is manually raised or lowered. In the 
head/settling tank, a constant water level is ~aintained to 
provide adequate suction head to the pump and .a constant 
amount of water in the recirculating system, especially during 
slurry removal. 
\ .. 
Two quartz sands were chosen that represent a range of 
sizes found in many sandy coastal environments. The mean 
17 
... - •' .. - . 
. - . ~ ! 
\ 
\ 
r------,~~~~vy 7 ..~· .. ,_;¥; .,.~_:.:mt~~.,;7.:;:~1~~~~~ffl*NJ?.~~1"f,',~'.':~:1,1~y_•'fW:'\~Nr,f'!l'fJ,,'.'/1~;~l'.;.:~11;i1.-'f':':!j'lj.,lf"lrfl!>,,~'lr"t~.i.:YW,"'"-·'t.\1iZO:~~"'f'?if1~M1>\~' ... "i~'-,:,i'!ll'.'¥'r"~-'.\'Q']l-'l~~-·:,g"l."Pfl'fll',""f?i>P'~".f:"'ml.;,,-..,, ............. ll'".ff'!ili'•"'-·.:r:-'l',l ·'1~•1SJ1 -~- • ' ~ , '. " ., 
. 
• 
.. , 
diameters of the sand are 0.45 mm and 0.16 mm. Refer to 
Appendix B for sand properties and grain size distributions. 
The slurry removal system (Figure 2. 4) consists of a 1. 7 
cm inside diameter flexible hose and a 90.2 cm by 58.4 cm by 
66 cm container to store the sand. Inside the container is 
a 6-inch diameter well screen wrapped with fine mesh, which 
allows only water to enter the internal • reservoir. A 
subm·ersible pump in the reservoir recirculates water that 
drains from the removed slurry. Meanwhile water is added to 
the head/settling tank to maintain a constant volume of water 
circulating in the system. 
The data acquisition system (Figure 2. 5 and 2. 6) monitors 
hydraulic head in the bed utilizing seventy taps on the back 
panel of the fluidization tank connected to a series of fluid 
switch wafers which connect to a single pressure transducer. 
The fluid wafer switches enable the selection of a single tap 
at a time, providing for the time-sharing of a pressure 
transducer. The pressure transducer transmits an electrical 
analog signal to a digital multimeter. The entire system has 
the capability of being connected to an IBM compatible 
personal computer for data collection. In the automated 
system, the computer signals a time switch with signal 
amplifier to advance the wafers to sequential taps. The 
computer then receives and records a value for hydraulic head 
through an analog to digital Input/Output board installed in 
the computer and connected to the multimeter. The system can 
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be run either interactively or by computer with no 
modification 
configuration 
' .. 
n~cessary.(See 
and see 
Appendix A :· for . system 
Roberts(l986) for complete 
specifications and power requirements for taps, transducer, 
and multimeter). 
2.2 Test Preparations and Procedures 
Preparation for each test consists of the following: 
-Fill the fluidization tank with sand to the desired 
depth of 25.4 cm or 42.0 cm. Fully fluidize the bed to 
remove air trapped in the sand. 
'Ii,,--
-Rod the bed completely to remove air which was not 
removed during preliminary fluidization. Rodding also 
provides a more uniformly compacted bed with reduced. 
porosity and hydraulic conductivity. 
-Mark the tempered glass front panel with water soluble 
markers to indicate fluidization pipe location and 
original bed surface level. 
-Assure that the water column is filled to a level which 
provides the 5 psi backpressure necessary for proper 
19 
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switcbing of· the wafers. (See Roberts (1986) for further· 
discussion of wafer switches). 
-Adjust the outfall weir to the preset water level in 
the fluidization tank. 
-Fill the fluidization tank and head/settling tank with 
water to the preset levels. Maintaining a constant 
water level provides the recirculation system with an 
adequate amount of water and the pump with adequate 
suction head. 
-Bleed all of the 70 taps by switching to each tap and 
opening the relief valve at the pressure transducer to 
allow air trapped in the lines to exit. 
~ -Monitor each tap by switching through the wafers to 
insure that the background pressure is constant. If the 
background pressure in any tap is not consistent with 
the others, check the line for trapped air and bleed the 
line once again. 
-Bleed the manometer lines which assess fluidization 
supply pipe pressure to insure that all trapped air is 
released. 
' . 
. , 
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-Prepare slurry test apparatus by placing the well and 
submersible pump in the sand storage container and 
connecting a hose from the pump back into the 
fluidization tank. Attach one end of the siphon to a 
'rigid pole and clamp the other end to the sand storage 
container. Have a c-clamp accessible td)connect the 
siphon to the tank. 
-Have a graduated cylinder and stop watch available for 
volumetric flow measurements. 
Test Procedures: 
-Turn on the pump and open recirculating valve to remove 
air from the intake line and the pump . 
• 
-Slowly open either the 1-inch or 1/2-inch supply valves, 
depending on the magnitude of the desired flow. Avoid 
opening the valve too rapidly as a surge may occur and 
prematurely erupt the bed. 
-Adjust the outfall weir to maintain the preset water 
·level, assuring a constant background pressure. 
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-once the system comes into equilibrium, measure a 
series of volumetric flow rates at the outfall weir using 
a graduated cylinder and stop watch. 
-scan all 70 pressure taps either interactively or using 
the computer and record the IIJ:;illivolt reading for each 
tap. 
•, 
-Record the internal fluidization pipe pressure from the 
manometer in inches of mercury . 
.. 
-Repeat the previous five steps for other 
pre-fluidization flow rates. Note qualitatively the 
physical phenomena that occurs as the bed reaches 
incipient fluidization. 
' 
' 
-once incipient fluidization is achieved note the 
flow rate and internal pipe pressure. 
-Increase the flow rate until a fully fluidized bed .is 
achieved, once again recording the flow rate and internal 
pipe pressure. Sketch the fluidized/unfluidized region 
interface on the tempered front glass panel of the tank 
with water soluble markers • 
22 
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-Repeat the above step for one to three more 
post-fluidization flow rates. 
-Siphon the slurry into the sand storage container. Take 
care not to scour sand from the sides of the fluidized 
region or to interfere with the scouring action of the 
jets. Once sufficient water has drained into the well, 
start the submersible pump which recirculates water to 
the tank. As sand is removed, the volume must be 
replaced by water from the head/settling tank. Maintain 
,, 
the preset water level by adding water to the 
head/settling tank via a hose connected to the city 
water supply. 
-Once all slurry is removed from the fluidized region 
sketch the resulting trench geometry on the tempered 
glass and check that the flow rate has remained 
constant. 
-Increase the flow rate and repeat the previous two 
steps. At the end of the test, transfer all profiles on 
the glass to tracing paper. 
,l'""···"·'" 
2.3 summary of Tests 
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A summary of tests can be found in Table 2.1. In total, 
nineteen independent tests were successfully completed. Each 
of the four pipe samples, with orifices 1/16 11 , 1/8'', 3/16'', 
and 1/4", was tested at least four times. They were tested 
in Sand A at 25.4 cm and 42.0 depths_ and in Sand Bat 25.4 cm 
and 42.0 cm depths. Sand A with a mean diameter of 0.16 mm 
was used in Tests 1 through 11. Sand B with a mean diameter 
of 0.45 mm was used in Tests 12 through 22. In addition, the 
1/8'' orifice pipe was tested twice in Sand A at a depth of 
I f t;c1 33.0 mm to verify the present procedure and results with those 
\ 
'1 
l 
\ 
of Clifford (1988). 
During each of the tests, as flow rates are incrementally 
increased up to the point of initiation of fluidization, 
hydraulic head, flow rate, and internal pipe pressure data are 
collected. After initiation of fluidization occurs and the 
geometry of the region is noted, the flow rate is increased 
slowly until full fluidization is accomplished. During the 
transition from partial to total fluidization, flow rate, 
geometry and internal pipe pressure data are collected at 
incremental steps. Once full fluidization occurs, slurry is 
removed via the siphoning system and the expanded geometry of 
the region is noted. If hydraulic capacity in the system 
allows, the flow rate is again increased and further expansion 
is noted. 
At least three pre-fluidization · flow rates and three .. 
post-fluidization flow rates are evaluated in each test. At 
24 
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times, full and symmetric fluidization is not possible due to 
the. hydraulic constraints of the system, as in the case of 
Tests 18 and 19 using Sand B and 1/16'' orifices. When this 
occurs, the bed is manually agitated to free the holes and 
encourage fluidization (Noted by asterisk in Table 2 .1) ~ Test 
parameters and the number of flow rates tested for each pipe 
sample are also presented in Table 2.1. 
., 
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. CHAPTER 3 - BXPBRIMEN'.l'AL RESULTS 
3.1 Introduction 
In this experiment, the effects on the fluidizatibn 
process were illustrated with two sand sizes (Sand A with d50 
= 0.16 mm and Sand B with d50 = 0.45mm), two bed depths (25.4 
cm and 42. o cm), and four flui~ization pipe orifice sizes 
( 1, 16 11 , 1/ 8" , 3/16 11 , and 1/ 4") • Both initial and full 
flui~ization was achieved for all test cases. Nevertheless, 
each experimental combination behaved somewhat uniquely. 
Evaluation of four parameters, including flow rate, hydraulic 
• head, internal pipe pressure, and trench geometry has 
resulted in a better understanding of the fluidization 
process. 
In the sections which follow, a qualitative description 
.... tPf the fluidization proces-s will be presented for each of the 
r, 
stages. Following this, each of the four parameters will be 
discussed for each of the fluidization stages. 
3.2 Description of the Fluidization Process 
3.2.1 Pre-Initiation of Fluidization 
26 
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During the pre-initiation stage of fluidization, water 
"' 
is added to the sand bed without any significant change in 
bed appearance, regardless of sand size, orifice size or bed 
depth. Pressure in the fluidization pipe and hydraulic head 
in the sand bed increase but remain below the critical values 
associated with fluidization. In order to quantify the pre-
initiation condition, numerous pre-fluidization flow rates 
and corresponding head data are collected for all of the 19 
tests (See Table 2~1 for Test Summary). These tests provide 
data to compare the pre-fluidization behavior of two sand 
sizes and four orifice sizes at two bed depths . 
. ' ·'1./'' 
3.2.2 Initiation of Fluidization 
When hydraulic head in the sand bed reaches a critical 
value and fluid velocity through the sand bed exceeds the 
settling velocity of the particles, initiation of 
fluidization occurs. Visual observation of the fluidization 
process allows the following descriptions: i) At initiation 
of fluidization, the smaller diameter Sand A is more evenly 
fluidized than the larger diameter Sand B. For a given sand, 
the denser the packing, the lower the permeability which 
results. Sand A is relatively dense compared to Sand B. At. 
initiation of fluidization, the higher p~rmeability of Sand 
B allows for the formation of fluid holes (vertical regions 
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of fluidized material separated by zones of unfluidized 
material) or concentration gradients of slurry within the 
fluidized region. When concentration gradients occur, the 
slurry is ''thin", or the ratio of fluid to sediment is very· 
' high near the orifices. As distance from the orifices 
increases, the ratio of fluid to sediment decreases and the 
slurry I 1S Sand B 
I 
1S ''thicker." With smaller orifices, 
susceptible to fluid· holes and concentration gradients 
because the pressure build up is not sufficient to fully and 
symmetrically fluidize the bed. 
ii) The larg.er the fluidization orifice size, the more 
unevenly fluidization occurs along the length of the pipe. 
With small orifices, such as the 1/16'' orifice, · the entire 
bed raises along the length of the pipe, indicating flow is 
emanating relatively equally through all the holes. For the 
larger orifices, such as the 1/4'' orifice, the entire flow 
emanate through only a few of the orifices producing fluid 
holes. I . 
3.2.3 Transformation from Initially to Fully Fluidized 
Transformation from an initially fluidized bed condition 
to a fully fluidized bed condition occurs as flow rate is 
increased. The fluidized area expands until it encompasses 
.. 
. an equilibrium of the • region along the whole length 
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fluidizatiori pipe. During the transition, the internal 
fluidization pipe pressure increases while the hydraulic head 
contours approach horizontal positions within the fluidized 
region (Clifford, 1988). 
In order to quantify the transition within a sand bed 
from initial fluidization to full fluidization, volumetric 
flow rate and internal pipe pressure are measured. The 
results are presented in Figures 3 • 5 through 3 • 12 and in 
; 
Tables 3.2 and 3.3 and are discussed fully in section 3.5. 
3.2.4 Pull Pluidization 
Full fluidization occurs at a flow rate which is able to 
maintain the suspension of particles in a homogeneous 
concentration along the whole length of the fluidization 
pipe. Once a region is fully fluidized, removal of slurry is 
-·· 
feasible. In certain bed combinations of orifice and sand 
size, full fluidization is harder to attain. For example, it 
was only possible to attain full fluidization by agitation of 
the 42.0 cm bed of Sand A using 1/16" orifices (Noted with 
asterisk in Table 2 .1) • The hydraulic capability of the 
experimental system was not sufficient enough to induce full 
fluidization. Fluid holes existed, but a symmetrical zone 
was unachievable because flow from some orifices could not 
break clear. No specific patterh is evident regarding which 
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combinations of orifice and sand size have difficulty fully 
fluidizing. 
,, 
•" 
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Flow rate is the most inportant parameter in discussing· 
full fluidization. The flow rate is dependent on bed depth, 
sand characteristics, and most importantly, orifice size. 
Full fluidization is discussed in section 3.4 and test data 
in presented in Table 3.3. 
3.2.5 Post-Full Fluidization and Slurry Removal 
The fluidization process is useful in a coastal 
I 
environment only if the fluidized sand, the slurry, can be 
removed. If flow rate is sufficiently high, a full 
fluidization condition is achieved and removal of sediment is 
feasible. The slurry can be removed in a number of ways, 
including pumping and gravity flow. As sand is removed from 
the fluidized • region, the sides which were previously 
supported by the dense slurry and the upward flow of water 
through the suspended sand become unstable and slump to the 
submerged angle of repose of the material. 
increase in trench width is achieved. 
A significant 
The ultimate trench geometry is the most important 
H 
& 
parameter for evaluating slurry removal. To monitor the 
geometry of the. region, quantities such as top width and 
bottom width are measured and related to flow rate. The 
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relationships ate discussed in section 3.6 and supplemented 
by Figures 3.13 through 3.21 and Tables 3.4 through 3.8. 
,. 
3.3 Hydraulic Read in the sand Bed/ Plow Rate Relations~ip 
3.3.1 Pre-initiation·of Pluidization 
At each flow rate, head data is collected using the data 
acquisition system described in Chapter 2.1. Contour plots 
are generated from the data using the plotting package 
GRAPHER and are presented in Figures 3.1 through 3.4. The 
head distribution plots represent head data taken at a flow 
rate prior to the initiation of fluidization. Plots are 
presented for the four orifice sizes in a 42 cm bed of sand 
A and B (Figures 3.la-d and 3.2a-d) and in a 25.4 cm bed of 
sand A and B (Figures 3.3a-d and 3.4a-d). 
In all cases, the equipotential lines form a portion of 
an approximate elliptical shape about the fluidization pipe. 
Pressure decreases radially out towards the surface of the 
sand bed. While the shape of the equipotential lines is the 
same for the 42 cm and the 25.4 cm depth, the magnitude of 
head is greater at every point in the deeper bed immediately 
prior to fluidization. This is evident by comparing head 
distribution plots for a 1/16'' orifice buried in different ( 
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bed depths of Sand A (Figures 3. la and 3. 3a) and Sand B 
(Figures 3.2a and 3.4a). 
The head within a certain depth of sand bed at the 
initiation of fluidization is approximately the same for all 
of the four orifice sizes, regardless of the sand size. 
Presented in Table 3 .1 are the values of flow rate and 
hydraulic head in a sand bed prior to fluidization. Tap 14 
(see Figure 2.6 for location of tap), chosen for comparison 
because of its close proximity to the fluidization pipe,· is 
susceptible.to the greatest range of pressure. By inspecting 
Table 3 .1, Column 5 it is evident that the hydraulic head 
just prior to the initiation of fluidization in the 25.4 cm 
depth beds averages 10.7 cm while the head in the 42.0 cm 
beds averages 13. 5 cm, regardless of orifice The • size. 
fluidization process is not reproducible in every bed at ... 
exactly the same flow rate because of differences in the bed 
characteristics, such as degree of bed compaction. 
3.3.2 Initiation of Fluidization through Slurry Removal 
No plots are presented from the initiation of 
fluidization condition through to the full fluidization 
condition because of the transient behavior of the 
fluidization spouts. It is impossible within an experiment ... , 
to determine which . values actually represent the true 
I 
. "· 
"I,( 
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hydraulic head along the length of the pipe because spouts 
may be present but not visible. 
Further, because of the very thorough experiments by 
,I!, 
Clifford (1988) in which he discussed the relationship· 
between flow rate and hydraulic head in the sand bed, little 
hydraulic head data was taken at or after full fluidization. 
Clifford showed, and the present study verified for one run, 
that at a given full fluidization flow rate, the hydraulic 
head within the • region • is • in fluidized constant the 
horizontal plane and begins to decrease and become non-
horizontally oriented at the fluidized/unfluidized region 
i.nterface. Also, Clifford found that dur.ing the post-slurry 
removal period, for a constant flow rate entering the system, 
the hydraulic head in the fluidized zone varies linearly with 
the depth of slurry. 
3.4 Flow Rate 
In order to apply the fluidization phenomena in the 
coastal environment two _important quantities must be known: 
i) the flow rate to initiate fluidization in a bed and ii) 
the flow rate to fully fluidize a bed. Throughout this 
experiment, flow rate was monitored in order to gain an 
understanding of the fluidization phenomena. Below, 
initiation and full fluidization flow rates are discussed. 
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Flow rate relationships prior to initiation and during the 
transition from initially to· fully fluidized states are 
important in terms of describing the process. However, the 
values themselves are not important for design purposes and 
are therefore not discussed here. 
3.4.1 Flow Rate at Initiation of Fluidization 
In a bed of a given depth and sand size, the flow rate 
necessary to init·iate fluidization is independent of orifice 
size., Inspection of Table 3. 1, Column 4 indicates that for a 
42.0 cm bed of Sand B, the flow rate at fluidization averages 
420 cc/s regardless of orifice size. However, the flow rate 
necessary to initiate the fluidization a given depth of Sand 
Bis nearly ten times that necessary for a bed of Sand A, 
approximately the ratio of hydraulic conductivity 
(coefficient of permeability) of the two sands (The ratio of 
d250 is 9). The flow rate at initiation of fluidization 
averages 24 cc/sin a 25.4 cm bed of Sand A while flow rate 
averages 272 cc/sin a 25.4 cm bed of Sand B. Sand B has'a 
larger porosity and hydraulic conductivity than Sand A, so 
the lateral extent of the flow is greater in Sand B, which 
can be seen by comparing the head distribution plots in 
Figures 3.la and 3.2a. Flow through a bed of Sand B has a 
stronger horizontal component than the flow in Sand A, 
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evidenced by equipotential lines which spread out further in 
the horizontal direction (Figure 3.lb and 3.2b). The flow 
through a bed of smaller Sand A has a predominantly vertical 
component, facilitating fluidization at a lower flow rate. 
;Lack of sufficient data prohibits determination of bed 
depth effects on full fluidization flow rate. However, in the 
, case of full fluidization flow rate, no distinct pattern is 
evident. 
3.4.2 Flow Rate at Full Fluidization 
More flow is required to initially fluidize a bed of 
coarse Sand B than a bed of fine Sand A, so it follows that 
more flow is required to fully fluidize a bed of Sand B than 
' 
to fully fluidize a bed of Sand A. However, the change in 
flow rate between initially and fully fluidized states for a 
specific orifice size is the same magnitude regardless of 
sand size. Due to the higher full fluidization flow rate in 
Sand B, the pressure in a pipe buried in a bed of Sand Bis 
greater than the pressure in the same pipe buried in a bed of 
Sand A (Table 3.2, Column 5). 
Also like initial fluidization, more flow is necessary 
to fully fluidize a bed using a 1/4'' orifice pipe than is 
necessary using a pipe with 1/1611 orifices (Table 3.3, Column 
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5). As the size of the orifice decreases from 1/4'' to 1/16'', 
so also does the flow requirement. 
Because of the difficulty in specifically defining a 
full fluidization condition, determining an exact value at 
which a bed fully fluidizes is very subjective. The 
transformation from initially· to fully fluidized states was 
accomplished in this study using small increases in flow rate 
with long intervals between • increases. In this case, 
fluidization will occur at higher flow rates and will be 
greatly affected by bed depth. However, if flow rate is 
increased rapidly in one large step, the shock to the ~ystem 
will induce more rapid fluidization at a lower flow rate and 
will not be greatly affected by bed depth. 
the subject of further study. 
This should be 
3.5 Internal Fluidization Pipe Pressure/ Flow Rate 
Relationship 
To demonstrate the relationship between flow rate and· 
the internal pressure of the fluidization pipe, plots of flow 
versus pressure for all pipe orifice sizes:and both ~ands are 
presented in Figures 3.5 through 3.12. Internal pressure was 
measured using a manometer attached to the pipe directly 
behind the back panel of the fluidization tank, as described 
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in Chapter 2 .1. Calculation of pressure is described in 
Appendix C. Internal pressure data is presented in Table 
3.2. As plots 3.5 through 3.12 illustrate~ similar phenomena 
occurs for all of the four pipe samples. 
The relationship between flow rate and internal pipe 
pressure is used to evaluate the interplay between head loss 
associated with the sand bed and· head loss associated with 
the orifices. Internal pipe pressure increases due to the sum 
of the resistance from the sand bed and the orifices. For 
combinations of bed depth and orifice size, one or the other 
source of head loss is dominant. For example, with small 
orifices, th~ majority of head loss is caused by the 
constriction at the orifices. For larger orifices, a smaller 
loss is experienced due to the orifices and the sand bed is 
the dominant source of head loss. Determination of dominance 
is possible through inspection of the internal pressure 
versus flow rate plots. 
3.5.1 Pre-Initiation to Initiation of Fluidization 
In the pre-fluidization condition, as flow rate increases, 
the internal pressure in the pipe also • increases. At 
initiation of fluidization, internal pressure in the pipe 
drops because the region around the pipe fluidizes permitting 
water to exit the pipe more easily. The magnitude of drop in 
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relation to the total flow rate is dependent on the orifice 
size and hydraulic conductivity of the sand. 
At initiation of fluidization, a significant drop • in 
pressure occurs using a large orifice. The drop • is 
especially evident by inspecting internal pipe pressures in 
Sand A for 1/4" orifices (Figure 3.8). It is believed a 
similar, yet less severe drop in pressure occurs regardless·. 
of orifice size. With smaller orifices, the majority of head 
loss in the system is caused by the constriction at the 
orifices. At fluidization, while the head loss associated 
with the sand bed drops, the orifice head loss does not 
change. Thus, only a small drop in pressure occurs, such as 
in the case of a .. 1/16" orifice pipe buried in a 42. o cm bed 
of Sand A (Figure 3.8). 
In contrast, the major source of head loss in the system 
with large orifices is associated with the sand bed, and not 
the holes. Once the bed fluidizes, the major head loss 
factor decreases significantly and a reduction • in large 
internal pipe pressure is experienced. Such is the case for 
a 1/4" orifice pipe buried in a 42.0 cm bed of Sand A (Figure 
3.8). The plots presented do not overwhelmingly support this 
hypothesis. However, those plots that include many data 
points near the initiati6n of fluidization (Figure 3.8) show 
a more distinct drop in pressure than those plots with more 
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scattered data (Figure 3.6 and 3.7). This is due to a lack 
of sufficient data rather than different behavior patterns. 
It is believed that if more data were taken in the immediate 
pre-fluidization range, a slight drop in pressure for small 
orifice s·izes would also be observed. 
3.5.~ Post-Initiation through Full Fluidization 
For ··post-fluidization flow rates, as flow rate 
increases, pipe pressure again increases because without 
resistance from the bed, the orifice is the dominant source 
of loss. At full fluidization, the internal pipe pressure in 
a pipe with 1/16" orifices is greater than the pressure in a 
pipe with 1/4'' orifices (Table 3.2, Column 5). At times, 
internal pressure in the 1/16" orifice pipe is 33 times 
greater than the pressure in the 1/4'' orifice pipe. 
3.5.2 sand Size Effects 
The internal pipe pressure in all of the pipe samples at 
a given flow rate is higher in the finer sand than in the 
coarser sand (Figures 3.9 and 3.10). As Darcy's Law shows, 
the larger permeability of Sand B allows fluid to flow 
.. 
through the bed with less resistance. Further, • • in comparison 
to Sand A, Sand a does not show significant drop • as a in 
pressure at the moment of fluidization (Figures 3.11 and 
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3.12). This, too, is attributed to the larger permeability 
of Sand B. 
3.5.3 orifice size Effects 
Regardless of the fluidized state of a sand bed, the 
difference in internal pressure for different pipe orifice 
sizes can be significant. This is obvious by reviewing the 
orifice equation: 
Q = Cd A { 2g Ah 1 
where Q is flow rate, Cd is the orifice discharge coefficient, 
) 
A is area of the orifice, g is the acceleration of gra~~ty, 
and h is the difference in pressure head across the 
~ 
orifice. ·ay comparing Figures 3. 5 and 3. a, for identical 
flow rates, the pressure in a pipe with 1/16'' orifices is 
greater than the pressure in a pipe with 1/4\" orifices. In 
the orifice equation, for a given flow rate, if Cd is about 
constant, the smaller orifice area should result in a larger 
hand resulting higher pressure. At a given high flow rate, 
the pressure in the pipe with 1/16" orifices is as much as 
twenty times greater than the pressure in the pipe with 1/4'' 
' 
orifices. 
The percent change in pressure between the initially 
fluidized and the fully fluidized states is greatest in the 
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pipe with 1/16'' orifices and decreases for larger orifice 
pipes (Table 3. 2, Column 7). Percent change in internal 
pressure is defined as the difference between pressure at 
initiation and pressure at a fully fluidized condition 
divided by the internal pressure at initiation. Therefore, 
during the full fluidization of a bed, the internal pressure 
in a pipe with 1/16'' orifices is many times greater than the 
pressure experienced in the same pipe at initiation. This is 
obvious in Test 21.6 where pressure at initiation is 39.9 ft. 
and pressure at full fluidization is 109.75 ft. (Table 3.2, 
Column 4). little additional • pressure is However, very 
experienced in the 1/4'' orifice pipe between initiation and 
full fluidization. This is obvious in Test 8. 7 where 
pressure at initiation is 3. 17 ft. and pressure at full 
fluidization is 3. 28 ft. (Table 3. 2, Column 4) • For a 
specific pipe sample the percent change is the same magnitude 
for both sand diameters and both depths (Table 3.2, Column 
7). This indicates, as expected, that the additional 
pressure experienced in a pipe during expansion of the 
fluidized region is due almost totally to losses through the 
orifices, and not losses through the bed. 
3.s.s Bed Depth Effects 
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' The shape of the pressure/flow rate curve for a-specific 
pipe sample is the same regardless of depth (Figures 3.9 and 
3.10). At low flow rates, the actual pressure in the pipe 
does not significantly change for deeper bed depths. 
However, at post-fluidization flow rates, pressure versus 
flow rate lines for the lower bed depth diverge from those 
for deeper bed depths. This is especially evident in Sand B 
(Figure 3.10). The smaller the orifice size, the smaller the 
I 
' 
difference in internal pipe pressure. In the pipe with 1/16'' 
orifices, there is almost no difference between the 25.4 cm 
bed and the 42. O cm bed (Figure 3 .10, denoted by triangle 
symbol). As the size of the orifice increases, the deviation 
increases. The largest orifice size of 1/ 4 '' demonstrates· the 
greatest difference in pressure between the 25.4 cm and 42.0 
cm bed (Figure 3.10, denoted by the square symbol). This 
trend supports the hypothesis that the major source of loss 
in a system with large orifice sizes is the sand bed. 
3.6 Width of Trench/ Flow Rate Relationship 
Ultimate trench width is one of the most· important 
parameters in the fluidization process as applied in the 
coastal environment. Ultimate top width determines the number 
of pipes which, placed in parallel, would maintain a certain 
If 
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channel width. In order to quantify the r·elationship between 
0 
flow rate and trench geometry, top width and bottom width are 
measured. 
The bottom width/flow rate relationship demonstrates the 
strength of the scour velocity with different orifice sizes. 
Bottom width is defined as the horizontal distance between 
the nearly vertical walls of the fluidized boundary at the 
elevation of the center of the orifices. The width data 
appears in Tables 3.4 and 3.5 and is plotted with respect to 
flow rate in Figures 3.15 and 3.16. 
Top width is defined as the horizontal distance between 
the crests of the fluidized region. Similar to bottom width, 
top width varies linearly with flow rate, over the range of 
values tested. As Clifford (1988) showed, when slurry is 
removed from the fluidized • region, unstable bed slopes 
collapse resulting in large increases in top width. In the 
present study, removal of slurry produces a 200% to 300% · 
increase in top width. Width versus flow rate results are 
presented in Figures 3.17 through 3.21 and in Tables 3.6 and 
3.7. 
3.6.1 verification of Roberts and Clifford 
Two tests were undertaken to verify the results of 
Roberts (1986) and. Clifford (1988). The pipe with 1/8'' 
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orifices was used in bed depths of 42.0 cm and 25.4 cm, as 
was used by both Roberts and Clifford. Sand A used in the 
current two tests was similar to the sand used by Roberts and 
Clifford, but not identical. The sand was supplied by the 
same company but was slightly larger than the sand used in 
past tests (See Appendix B for sand characteristics). 
Nevertheless, as shown below, the results. agree very well 
with the results of the earlier investigators. The results 
-·" 
reinforce Clifford's and Roberts' findings that a linear 
relationship exists between flow rate and top width of the 
fluidized region over the range of flow rates tested. 
In the 42.0 cm bed, while the slope of the width/flow 
rate lines are slightly different, the results of the present 
test verify Clifford very well, both at pre- and post-slurry 
removal flow rates (Figure 3 .13) • There is a discrepancy 
between the present study and Roberts in the 42.0 cm depth 
bed. This investigator concurs with Clifford that the cause 
of the discrepancy is a flow rate surging problem which 
Roberts experienced, but which was eliminated by Clifford 
through modifications to the hydraulic system of the tank. 
A lack of sufficient data for the 25. 4 cm bed and 
pre-slurry removal condition prohibits adequate comparison to 
Roberts and Clifford. The current top width/flow rate data 
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does within the of ·the • previous bounds however fall 
investigators (Figure 3.14). 
For post slurry removal conditions, the present study 
results agree with Clifford at low flow rates. At higher 
flow, rates, greater than 600 cc/s, Clifford experienced 
significant secondary berm formation which occurs as sediment 
is ejected from the fluidized region and settles on the top 
of the bed after slurry removal. Secondary berms were· not 
encountered in the present study due to the hydraulic 
capabilities of the experimental system which produced lower 
maximum flow rates than achieved in Clifford's· study. The 
formation of berms is more significant at the shallow bed 
depth because of the lower jet stream power necessary to 
eject particles out of the eroded zone. If the present study 
was continued at higher flow rates, it is expected that 
secondary berms would have formed. Nevertheless, considering 
the presences of tides and overlying currents in the coastal 
environment, actual formation of secondary berms are unlikely 
in the field. 
Clifford .(1988) and Roberts (1986) expressed pre-removal 
bottom width as a percentage of top width. Roberts found 
' 
bottom width to be 36% of top width. Clifford found the 
value to be 42%. In the present study, bottom width for an 
I ' 
1/8'' orifice pipe in Sand A is 42% of top width, in agreement 
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with Clifford. For other combinations of sand and orifice 
size, bottom width varies from 24. 7% to 84% of top width 
(Table 3.8). 
Overall, the agreement of the present study with two 
previous investigations illustrate that the tests are 
reproducible to a reasonable degree of accuracy. 
3.6.2 Pre-Initiation through Transition to Pull Fluidization 
In the pre-initiation through the transitional stages of 
fluidization, no true trench geometry is distinguishable. 
Areas of the bed may be fluidized and a fluidized/unfluidized 
interface may be discernible. However, the area is usually 
unsymmetrical, both in the x-axis along the front glass panel 
of the tank as well as in the z-axis along the length of the 
fluidization pipe. Not until full fluidization is achieved 
can all orifices be assumed open and a true geometry 
.. 
established. Therefore, no width data has been gathered 
prior to full fluidization. 
3.6.3 Full Fluidization with no Slurry Removal 
3.6.3.1 Bottom Width 
In the full fluidization pre-slurry removal condition, 
the bottom width varies linearly with flow rate. As the size 
of the orifice increases from 1/16'' to 1/4'', smaller 
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increases 'in width · are experienced at increased flow rates. 
This is demonstrated by the decreas~ in slope of the lines 
from 1/16'' orifices to 1/4'' orifices (Figures 3 .15 and 3 .16). 
This is best appreciated by considering that as the diameter 
of the orifice is doubled, the area increases four-fold and 
the velocity decreases four-fold. As the jet power 
decreases, the fluid leaving the orifice has less ability to 
erode the surrounding area and subsequently, increases in the 
scour hole are smaller. 
Also, for the pre-slurry removal condition, the slope of 
lines for the Sand B are slightly lower than for Sand A 
(Figure 3 .16) • Therefore, larger increases in width are 
I' 
expected in Sand A for incremental increases in flow rate. 
This occurs because of the lower fluid velocity required to 
"'\ 
erode smaller particles. 
3.6.3.2 Top Width 
Various combinations of sand and orifice size, as well 
as depth, greatly affects the expansion of the fluidization 
zone and ultimate top width. For the full fluidization 
pre-slurry removal condition, the top width/flow rate 
relationship is generally the same regardless of the orifice 
size (Figure 3.17). When slurry is.still present in the 
fluidized region, scour velocity is quickly dissipated by the 
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thick sediment-fluid mixture and so the difference in top 
width is not great. 
Similar to bottom width, top width in the full 
fluidization pre-slurry removal state varies inversely with 
sand size (Figure 3.18). By extrapolating the lines which 
connect data points from 1/4'' orifice pipes buried in beds of 
Sand A and Sand B (Figure 3.8), it obvious that at a specific 
flow rate, larger top widths are experienced with Sand A than 
are experienced with Sand B. 
3.6.4 Slurry Removal 
3.6.4.1 Bottom Width 
In the post-slurry removal stage of the fluidization 
process, the relation'ship between flow rate· and orifice size 
and between flow rate and sand size is the same as in the 
pre-slurry removal condition. As the size of the orifice 
increases, flow rate increases produce diminishing increases 
in bottom width (Figure 3.15).· Also, increases in flow rate 
produce larger bottom width increases in Sand A than in Sand 
B (Figure 3.16). 
The slope of the width/flow rate lines are greater for 
pre-slurry removal conditions than they are for post-slurry 
removal conditions, as is evident by comparing Figures 3.15 
·and 3.16. . / . Within the bounds of the flow rates tested here, 
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when slurry • 1S removed, the flow begins to recirculate 
sediment. While the jet power may be sufficient to dislodge 
a particle, it is ,not sufficient to eject the particle from 
the region or even to suspend it for long periods of time. 
Instead, the particle is dislodged and is carried up along 
the unfluidized boundary only to slide back down and become 
entrained in the flow once again. The continual slumping of 
the sides and recirculation of the sediment reduces the 
bottom width. The recirculation of sediment occurs because 
of an inability to remove every particle of loose sand. If no 
loose particles were present in the trench, recirculation 
would not occur and trench bottom width would not change. 
~. "' ,_,,, 
Depth of the sediment bed has no effect on the scour 
velocity of the fluid emanating from the orifices, and so has 
no bearing on bottom width. 
3.6.4.2 Top Width 
In the post-removal state, the effect of orifice size on 
top width is significant. When slurry is removed from the 
fluidized region, the magnitude of fluid velocity emanating 
from the orifices affects bottom width which in turn affects 
top width. The scour velocity of a flow through large 
orifices is small. Therefore, the increases in top width 
•'U 
between the pre- and post-slurry removal conditions are. small 
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for large orifices as compared to those experienced for small 
orifices. By extrapolation from the plots, it is obvious 
that at a certain flow rate for both sand sizes, the 1/16'' 
orifice pipe experiences the largest top width while the 1/4'' 
orifice pipe experiences the smallest top width (Figures 3.19 
and 3. 20). At the same flow rates, orifice sizes of 1/4'' and 
3/16'' exhibit very little difference in achieved top width. 
For the post-slurry removal condition, larger increases 
in width are expected in Sand A than in Sand B for 
incremental increases in flow rate (Figure 3 .16). This is the 
same behavior noted in Chapter 3.6.3.2 for the full 
fluidization pre-slurry removal condition. 
Burial depth is the most important factor affecting the 
increase in top width as slurry is removed. Both of the sand 
. sizes have relatively the same submerged angle of repose . 
• 
When slurry is removed, the unstable trench walls slump to 
the submerged angle of repose. Therefore, the deeper the 
pipe is buried, regardless of sediment size or orifice size, 
the larger the resulting top width (Figure 3.21). 
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CJIAPTBR 4 - SUMMARY, CONCLUSIONS, ARD RBCOMIIENDATIONS 
4.1 summary 
; 
This experimental research on the effects of supply pipe 
orifice size on the fluidization process has been performed 
using a two-dimensional tank. Four fluidization pipes with 
different orifice sizes are buried in beds of sand at two 
! 
different b~d depths to determine the effect that orifice size 
has on fluidization. The six orifices are horizontally 
opposed and spaced 2 '' apart on center. During a test, flow 
rate through the fluidization pipe is increased until the 
point of fluidization. Once initiation of fluidization is 
noted, the flow rate is again increased until full 
fluidization is achieved. Finally, slurry is removed from the 
fluidized zone and the sides are permitted to slump to their 
equilibrium trench condition. 
Data collected in.the tests include flow rate, internal 
fluidization pipe pressure, hydraulic head, and geometry of 
the fluidized zone. Observed data for an 1/8" orifice in a 
sand bed with mean diameter of. O. 16 mm shows excellent 
agreement with the previous work of Roberts (1986) and 
Clifford (1988). As expected, relationships for internal pipe 
pressure, head, and geometry show a strong dependence on flow 
rate for all of the orifice sizes as seen in Table 4.1. 
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Presented in Table 4. 1 is the summary of the effects 
which s·and size and orifice size have on four parameters. The 
parameters chosen for comparison include: hydraulic head at 
tap 14, full fluidization flow rate, internal pipe pressure 
at full fluidization, and trench bottom width. Tap 14 is 
presented in Table 4.1 because it is located closest to the 
fluidization pipe and therefore experiences the largest range 
of hydraulic head. Full fluidization flow rate is chosen for 
comparison because it is the approximate value at which a 
system would have to operate in order to facilitate slurry 
removal and trench formation. Internal pipe pressure at full 
fluidization is the value corresponding to the full 
fluidization flow rate. To describe geometry, bottom width 
is chosen for comparison rather than top width. Ultimate 
trench width is dependent mostly on the depth of burial 
because the sides of the trench are approximately the 
submerged internal angle of friction so a deeper bed yields 
' 
a wider trench. Since scour velocity is a measure of orifice 
jet strength independent of depth, bottom width is presented. 
Only the 42.0 cm bed depths of Sand A and Bare presented in 
Table 4.1 because deeper beds are more likely to occur in the 
coastal environment. 
4.2 conclusions 
Based upon the results of this study, the following 
conclusions are presented: 
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1. Flow rate needed to initially fluidize and fully 
fluidize a sand bed is directly proportional to 
increases in orifice size. The larger the orifice 
size, the greater the flow rate necessary to 
initiate fluidization and the greater the flow rate 
necessary to fully fluidize the sand bed. 
2. The larger the sand size, namely Sand B, the 
greater the flow rate necessary to initiate 
fluidization and the greater the flow rate necessary to 
fully fluidize the bed. Within the bounds of flow rates 
tested here, full fluidization is at times not possible 
without manual agitation. 
3. A significant increase in flow rate is necessary to 
transform a bed from an initially fluidized state to a 
fully fluidized state. The magnitude of increase seems 
to be independent of orifice size, bed depth, and sand 
size, but dependent on the manner in which flow rate is 
increased. 
4. Internal pipe pressure in the fluidization pipe is 
inversely proportional to increases in orifice size. 
Internal pressure in a pipe with small orifices, such as 
1/16'', is many times greater than in a pipe with large 
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orifices, such as 1/4". 
5. 'A drop in internal fluidization pipe pressure is 
experienced at the moment of initiation of fluidization. 
The magnitude of the pressure drop is dependent on 
orifice size, with smaller orifices, such as 1/1611 , 
experiencing the least amount of pressure drop. 
~-- Since the submerged angle of repose of fine to medium 
diameter sand is relatively constant regardless of sand 
or orifice size and since equilibrium is reached when 
all particles achieve the angle of repose, burial depth 
is the most important factor is determining ultimate 
trench top width. 
7. Ultimate trench width is inversely proportional to 
increases in orifice size. The smaller the orifice 
size, the larger the ultimate trench width produced. 
8. A greater top width is produced with smaller diameter 
sand, namely Sand A, than with larger diameter sand, 
namely Sand B, at a given flow rate. 
4.3 Design Recommendations 
The most ef~icient fluidization system would be one which 
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fully fluidizes the largest region using the least amount of 
flow and requiring the least amount of internal pipe pressure. 
Unfortunately, the orifice size which produces the maximum top 
width does not fully fluidize at the lowest . flow. rate or, 
internal pipe pressure. Therefore, in the selection of a 
fluidization pipe, compromises must be made. 
Criteria for selection of a fluidization pipe orifice 
S·ize, in order of decreasing importance are as follows: 
1. That orifice size which most easily and thoroughly 
fluidizes an entire zone without the creation of fluid 
holes or high concentration regions. 
2. That orifice size which fully fluidizes a zone at 
the lowest flow rate. 
3. That orifice size which causes the lowest internal 
pipe pressure at full fluidization. 
4. That orifice size which produces the greatest 
ultimate trench top width. 
Pipes with orifices of 1/4'' or greater can be eliminated 
'. 
from selection by the first criteria. Pipes with large 
orifices tend to leave fluid holes in the sand bed and 
fluidize a region unsymmetrically. Also, a pipe with large 
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orifices often requires extremely high flow rates, as seen in 
column 6 in Table 3.3, or even manual agitation to attain a 
fully fluidized bed. 
Pipes with orifices of 1/16" or less are eliminated from 
selection by the third criteria. With small orifices, like 
the 1/16'', a bed fully fluidizes at lower flow rates than with 
larger orifices. However, the internal pressure in the pipe 
with 1/16" orifices is extremely high. For example, the 
internal pipe pressur~ at full fluidization in a 1/16'' orifice 
pipe can be as much as four times greater than the internal 
pressure in pipes with orifices just twice the size, or 1/8'' 
(See Column 6 in Table 3.2). 
Therefore, 
J _ 
only pipe orifices larger than 1/16'' and 
smaller than 1/4'' should be considered for design. Two 
orifices in this range were tested -- 1/8'' and 3/16''. Both 
orifice sizes produce symmetrical fully fluidized zones. 
Either orifice size would be a satisfactory selection, 
depending on which design considerations are most important. 
If minimizing flow rate is the most important consideration 
due to a limited pumping capacity, the 1/8'' orifice would be 
slightly more efficient (See Column 6 - in Table· 3. 3 for 
- f 
comparison of full fluidization flow rates). If minimizing 
internal fluidization pipe pressure is the most important 
consideration, the 3/16'' orifice would be a much better 
selection. As seen in Figure 3.10, the internal pipe pressure 
in a pipe with 3/16'' orifices is much less than the internal 
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pressure in a pipe with 1/8" orifices. ,. 
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Finally, if ultimate trench width' is.the most important 
consideration, two different options could be considered. 
First, the pipe with 1/8'' orifices could be selected which 
produces a greater bottom width and thus a greater ultimate 
top width than does a pipe with 3/16" orifices, as can be seen 
in Figure 3.10. Second, and perhaps more effective, either 
pipe could be buried at a·deeper depth to take advantage of 
the natural angle of repose to create a wider top width. 
Ultimate selection of a pipe orifice size must be left 
to the designer. Site conditions and site restrictions will 
govern the selection of the most efficient orifice size for 
a project. The orifice should be as small as possible to 
reduce flow rate needed to fully fluidize the bed, but the 
orifice should not be so small as to be subject to easy 
clogging. 
A designer must also consider the possibility of hole 
enlargement due to wear or hole closure due to bio-fouling. 
Weisman and Collins did suggest using an orifice larger than 
d90 to prevent clogging. However, little data is available to 
condition • pipe subject orifice evaluate to the of an 
environmental conditions over a long period of time. In the 
future, as more fluidization systems are installed in the 
coastal environment, more information will allow the full 
investigation of orifice clogging. 
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4.4 Recommendations for l'Uture work 
The present study considered four orifice sizes spaced 
at 2'' on center in beds of two different size quartz sand. In 
future research, different spacing between holes should be· 
tested and, intermediate to • size perhaps, sand even an 
determine effects on the fluidization process and the ultimate 
trench geometry. First, to more thoroughly investigate the 
effects of flow rate on internal fluidization pipe pressure, 
more flow rates could be tested immediately before 
fluidization occurs. Second, by more closely monitoring the 
internal pipe pressure, future investigators will be able to 
determine if a significant drop in ~ipe pressure does occur 
in all cases immediately at the initiation of fluidization. 
Third, with internal pipe pressure data, losses due to the 
sediment bed ·and the losses due to the pipe orifices may be 
better quantified. Fourth, to better understand the 
transformation in a bed from an initially to a fully fluidized 
condition, the investigators could vary the magnitude of flow 
rate increases. This would also determine whether a pressure 
pulse could be used to initiate full fluidization along a pipe 
using a lower flow rate than if applied in increments. 
Finally, in order to more realistically consider fluidization 
in a coastal environment, a test using variable flow rates 
could be performed. 
,, 
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Table 2.1: summary of Tests 
TEST ORIF-·ICE 
NO. SIZE 
(in) 
1 2 
1 
2 
3 
4 
*5 
6 
*1 
*8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
*18 
*19 
.. J 
1/8 
1/8 
1/8 
1/8 
3/16 
3/16 
1/4 
1/4 
1/16 
1/16 
1/8 
1/8 
1/8 
1/4 
1/4 
3/16 
3/16 
1/16 
1/16 
SAND 
SAMPLE 
caso,mm) 
3 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 I· 
0.16 
0.16 
0.16 
0.45 
0.45 
0.45 
0.45 
0.45 
· o. 45 
0.45 
0.45 
INITIAL 
BED DEPTH 
(cm) 
4 
33.0 
33.0 
42.0 
25.4 
25.4 
42.0 
42.0 
25.4 
25.4 
42.0 
42.0 
25.4 
42.0 
42.0 
25.4 
25.4 
42.0 
25.4 
42.0 
NUMBER OF FLOW RATtS TESTED 
PRE- POST-
FLUIDIZATION FLUIDIZATION 
6 7 
4 
3 
7 
4 
7 
8 
8 
.6 
8 
8 
8 
7 
10 
6 
3 
4,. 
8 
5 
8 
0 
3 
3 
4 
2 
4 
5 
4 
5 
4 
4 
2 
2 
4 
4 
4 
4 
2 
3 
*.Denotes man-induced full fluidization condition 
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Table 3.1: Flow Rate and Hydraulic Head in the Sand Bed 
Just Prior to Fluidization 
ORIFICE 
SIZE 
(in) 
1 
1/16 
I 1/16 
1/8 
1/8 
3/16 
3/16 
1/4 
1/4 
1/16 
1/16 
1/8 
1/8 
3/16 
3/16 
1/4 
1/4 
SAND MEAN 
DIAMETER 
(mm) 
A 
A 
A 
A 
A 
A 
A 
A 
B 
B 
B 
B 
B 
B 
B 
B 
2 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.45 
0.45 
0.45 
0.45 
0.45 
0.45 
0.45 
0.45 
INITIAL 
DEPTH 
(cm) 
3 
25.4 
42.0 
42.0 
25.4 
42.0 
25.4 
42.0 
25.4 
25.4 
42.0 
25.4 
42.0 
25.4 
42.0 
42.0 
25.4 
61 
FLOW 
RATE 
(cc/s) 
4 
25.5 
52.1 
41.0 
23.0 
45.6 
26.0 
70.5 
22.0 
275.0 
400.0 
263.5 
420.0 
300.0 
440.0 
440.0 
250.0 
HEAD 
TAP 14 
(cm) 
5 
10.80 
13.20 
12.51 
10.00 
12.87 
10.40 
14.47 
10.20 
11.90 
14.20 
11.00 
14.20 
10.75 
13.75 
13.18 
10.40 
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Table 3.2: Internal Fluidization Pipe Pressure at Initially 
and Fully Fluidized States. 
ORIFICE 
SIZE 
(in) 
1 
1/16 
1/16 
1/8 
1/8 
1/8 
3/16 
3/16 
1/4 
1/4 
1/16 
1/16 
1/8 
1/8 
3/16 
3/16 
1/4 
1/4 
SAND INITIAL 
BED 
(cm) 
2 3 
A 
.A 
A 
A 
A 
A 
A 
A 
A 
B 
B 
B 
B 
B 
B 
B 
B 
25.4 
42.0 
42.0 
42.0 
25.4 
25.4 
42.0 
42.0 
25.4 
25.4 
42.0 
25.4 
42.0 
25.4 
42.0 
42.0 
25.4 
HEAD (ft) 
INITIALLY FULLY 
FLUIDIZED FLUIDIZED 
4 5 
3.93 
5.73 
4.26 
---
---
---
---
3.50 
3.17 
39.93 
100.72 
5.51 
10.89 
3.55 
---
4.26 
3.23 
17.31 
23.40 
6.81 
---
---
---
---
3.28 
3.28 
109.75 
108.55 
11.27 
23.51 
5.40 
5.35 
4.58 
3.39 
'---' Denotes data not available. 
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CHANGE 
IN 
HEAD 
6 
13.38 
17.67 
2.56 
0.22 
0.11 
69.82 
7.83 
5.76 
12.62 
1.85 
0.33 
0.16 
PERCENT 
CHANGE IN 
HEAD 
7 
340.2 
308.6 
60.0 
• 
6.2 
3.4 
174.9 
l 
7.8 
104.6 
115.8 
52.1 
7.7 
5.1 
I 
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TABLE 3.3 : Flow Rate at Initially and Fully Fluidized State 
ORIFICE 
SIZE 
(in) 
1 
1/16 
1/16 
1/8 
1/8 
1/8 
3/16 
3/16 
1/4 
1/4 
1/16 
1/8 
1/8 
3/16 
3/16 
1/4 
1/4 
SAND DEPTH 
(cm) 
2 3 
A 
A 
A 
A 
A 
A 
A 
A 
A 
B 
B 
B 
B 
B 
B 
B 
B ... 
' 
42.0 
25.4 
42.0 
25.4 
42.0 
25.4 
42.0 
42.0 
25.4 
25.4 
42.0 
25.4 
42.0 
25.4 
42.0 
42.0 
25.4 
FLOW RATE (cc/s) 
INITIALLY FULLY 
FLUIDIZED FLUIDIZED 
CHANGE IN 
FLOW RATE 
(cc/s) 
4 5 6 
64.0 
38.0 
83.0 
23.0 
52.0 
26.0 
49.0 
70.5 
22. 0 . 
275.0 
420.0 
295.0 
508.0 
300.0 
440.0 
440.0 
250.0 
200.0 136. 
162.0 124 
262.0 179 
267.5 244.5 
310.0 258 
600.0 * 574 
390.0 341 
630.0 * 559.5 
370.0 * 
475.0 * 
470.0 * 
557.0 
850.0 
810.0 
625.0 
,aoo. o 
375.0 
348 
200 
50 
262 
342 
510 
185 
360 
125 
* Denotes man-induced full fluidization condition. 
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PERCENT 
CHANGE 
(%) 
7 
212.50 
326.32 
215.66 
1063.04 
496.15 
2207.69 
695.92 
793.62 
1581.82 
·, 
72.73 
11.90 
88.81 
67.32 
170.00 
42.05 
\·~ 
81.82 
50.00 
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Table 3.4: Bottom Width/ Flow Rate Relationship for Sand A. 
ORIFICE 
SIZE 
(in) 
1 
1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/16 
1/8 
1/8 
1/8 
1/8 
1/8 
1/8 
3/16 
3/16 
3/16 
3/16 
3/16 
1/4 
1/4 
1/4 
1/4 
1/4 
1/4 
FLOW 
RATE 
(cc/s) 
2 
162.0 
200.0 
450.0 
200.0 
260.0 
300.0 
335.0 
310.0 
500.0 
197.7 
267.5 
319.0 
593.5 
600.0 
600.0 
281.0 
390.0 
630.0 
330.0 
440.0 
630.0 
345.0 
370.0 
475.0 
ORIGINAL 
BED DEPTH 
(cm) 
3 
25.4 
25.4 
25.4 
42.0 
42.0 
42.0 
42.0 
42.0 
25.4 
25.4 
25.4 
25.4 
25.4 
25.4 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
25.4 
25.4 
25.4 
BOTTOM WIDTH (cm) 
NO SLURRY SLURRY 
REMOVED REMOVED 
4 5 
20.8 ---
23.7 23.1 
37.8 
21.6 
28.9 27.6 
34.4 
44.6 
24.7 22.5 
32.4 
16.8 
21.7 21.1 
24.1 
38.8 
27.6 27.0 
17 .• 6 
20.9 18.5 
30.0 
14.8 14.5 
22.0 
14.0 13.7 
20.9 
'---' Denotes data not taken. 
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Table 3.5: Bottom Width/ Flow Rate Relationship for Sand B. 
ORIFICE 
SIZE 
(in) 
1 
1/16 
1/16 
1/8 
1/8 
1/8 
1/8 
3/16 
3/16 
3/16 
3/16 
3/16 
3/16 
1/4 
1/4 
1/4 
1/4 
1/4 
1/4 
FLOW 
RATE 
(cc/s) 
2 
475.0 
470.0 
557.0 
1400.0 
850.0 
1050.0 
405.0 
810.0 
925.0 
625.0 
1200.0 
1550.0 
800.0 
975.0 
1550.0 
375.0 
540.0 
936.0 
ORIGINAL 
BED DEPTH 
(cm) 
3 
25.4 
42.0 
25.4 
25.4 
42.0 
42.0 
25.4 
25.4 
25.4 
42.0 
42.0 
42.0 
42.0 
42.0 
42·. 0 
25.4 
25.4 
25.4 
BOTTOM WIDTH (cm) 
NO SLURRY SLURRY 
REMOVED REMOVED 
4 5 
37.8 44.5 
15.7 39.6 
24.6 31.2 
61.6 
39.0 37.1 
57.8 
13. 6 
23.2 20.1 
33.0 
18.5 
38.6 28.0 
37.2 
20.6 
26.5 21. 2 
31. 2 
14.3 
17.7 9.5 
17.9 
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Table 3.6: Top Width/ Flow Rate Relationship for Sand A. 
ORIFICE 
SIZE 
(in) 
1 
1/16 
1/16 
1;-16 
1/16 
1/16 
1/16 
1/16 
1/8 
1/8 
1/8 
1/8 
1/8 
1/8 
1/8. 
1/8 
1/8 
3/16 
3/16 
3/16 
3/16 
3/16 
1/4 
1/4 
1/4 
1/4 
1/4 
1/4 
FLOW 
RATE 
(cc/s) 
2 
162.0 
200.0 
450.0 
200.0 
260 .. 0 
300.0 
335.0 
83.0 
262.0 
488.8 
197.7 
267.5 
319.0 
593.5 
310.0 
500.0 
600.0 
600.0 
281.0 
390.0 
630.0 
330.0 
440.0 
630.0 
345.0 
370.0 
475.0 
ORIGINAL EXPANDED TOP WIDTH (cm) 
BED DEPTH BED DEPTH NO SLURRY SLURRY 
(cm) (cm) REMOVED REMOVED 
3 4 5 6 
25.4 32.6 36.5 
25.4 33.8 42.6 111.5 
25.4 125.2 
42.0 50.0 41. 8 
42.0 51.5 55.3 160.6 
42.0 170.6 
42.0 178.0 
42.0 44.4 38.2 
42.0 48.9 54.0 150.1 
42.0 161.1 
25.4 30.0 46.0 
25.4 32.1 46.0 97.3 
25.4 105.8 
25.4 117.7 
42.0 52.4 56.9 
166.5 
25.4 35.0 72.6 
25.4 34.3 68.4 119.9 
42·. 0 49.9 53.6 
42.0 52.2 60.4 150.6 
42.0 161.4 
42.0 51.4 49.5 
42.0 52.3 69.0 153.4 
42.0 162.5 
25.4 34.0 42.3 
25.4 33.1 50.2 97.7 
25.4 114.9 
, 
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Table 3 _. 7: Top Width / Flow, Rate Relationship for Sand 
. ' ' 
ORIFICE 
SIZE 
(in) 
1 
1/16 
1/16 
1/8 
1/8 
1/8 
1/8 
3/16 
3/16 
3/16 
3/16 
3/16 
3/16 
1/4 
1/4 
1/4 
1/4 
1/4 
1/4 
FLOW 
RATE 
(cc/s) 
2 
475.0 
470.0 
557.0 
1400.0 
850.0 
1050.0 
405 •. 0 
810.0 
925.0 
625.0 
1200.0 
1550.0 
800.0 
975.0 
1550.0 
375.0 
540.0 
936.0 
ORIGINAL 
BED DEPTH 
(cm) 
3 
25.4 
42.0 
25.4 
25.4 
42.0 
42.0 
25.4 
25.4 
25.4 
42.0 
42.0 
42.0 
42.0 
42.0 
42.0 
25.4 
25.4 
25.4 
EXPANDED TOP W·IDTH' ( cm) 
BED DEPTH NO SLURRY SLURRY 
(cm) REMOVED REMOVED 
4 5 6 
45.0 125.7 
172.8 
27.9 36.6 110.0 
35.8 186.0 
47.4 49.0 182.1 
197.2 
28.7 23.1 
28.9 37.6 97.5 
11.1. 6 
45.9 28.6 
47.5 60.0 163.4 
173.5 
45.3 38.0 
46.1 50.0 154.4 
165.7 
28.3 23.5 
28.5 28.4 85.7 
100.4 
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Table 3.8: Bottom Width as a Percent of Top Width 
Pre-Slurry Removal 
ROBERTS (1986) - 36% 
CLIFFORD (1988) - 42% 
PRESENT STUDY: 
PIPE SIZE SAND A SAND B 
1/16'' 
1/8'' 
3/16'' 
1/4'' 
... 
(D50 = 0.15mm) (D50 = 0.45mm) 
52.4% 
42.4% 
35.9% 
24.7% 
r 
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84.0% 
73.3% 
62.4% 
57.7% 
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Table 4.1: Comparison of Significant Parameters for 42.0 cm Sand Bed 
PIPE 
SIZE 
( inches) 
1/16 
1/8 
3/16 
1/4 
1/1~ 
1/8 
3/16 
1/4 
HYDRAULIC ~ FLOW RATE 
HEAD AT TAP 14 AT FULL 
AT FLUIDIZATION FLUIDIZATION 
(cm) 
13.2 
12.51 
12.87 
14.47 
14.2 
14.2 
13.75 
13. 18 . 
(cc/s) 
200 
310 
390 
630 
470 
850 
625 
800 
--- DATA NOT.AVAILABLE 
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INTERNAL PIPE BOTTOM WIDTH 
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Hydraulic Head Distribution for Sand A at 42.0 cm 
Bed Depth Immediately Prior to Fluidization: 
(a) 1/16" Orifice, Flow Rate = 46.1 cc/s, (b) 1/8" 
Orifice, Flow Rate= 41.0 cc/s. 
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Hydraulic Head Distribution for Sand Bat 42.0 cm 
Bed Depth Immediately Prior to Fluidization: (a) 
1/16" Orifice, Flow Rate= 325 cc/s, (b) 1/8" 
Orifice, Flow Rate= 342.5 cc/s. 
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HORIZONTAL DISTANCE (cm) 
Hydraulic Head Distribution for Sand Bat 42.0 CJD 
Bed Depth Immediately Prior to Fluidization: 
(c) 3/16" Orifice, Flow Rate = 352. 5 cc/s, (d) 1/4" 
Orifice, Flow Rate= 345.0 cc/s • 
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HORIZONTAL DISTANCE (cm) 
Hydraulic Head Distribution for Sand A at 25.4 cm 
Bed Depth Immediately Prior to Fluidization: (a) 
1/1611 Orifice, Flow Rate = 19.4 cc/s, (b) 1/8" 
Orifice, Flow Rate= 20.1 cc/s. 
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HORIZONTAL DISTANCE (cm) 
Hydraulic Head Distribution for Sand A at 25.4 cm 
Bed Depth Immediately Prior to Fluidization: (c) 
3/16" Orifice, Flow Rate • 18. 4 cc/s, (d) 1/4" 
Orifice, Flow Rate• 19.7 cc/s. 
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Figure 3.4 
• 
Hydraulic Head Distribution for Sand Bat 25.4 cm 
Bed Depth Immediately Prior to Fluidization: (a) 
1/16 11 Orifice, Flow Rate = 180.8 cc/s, (b) 1/8" 
Orifice, Flow Rate =137.5 cc/,s . 
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Figure 3.4 
HORIZONTAL DISTANCE (cm) 
Hydraulic Head Distribution for Sand Bat 25.4 cm 
Bed Depth Immediately Prior to Fluidization: (c) 
3/16" Orifice, Flow Rate= 175.0 cc/s, (d) 1/4" 
Orifice, Flow Rate= 171.0 cc/s. 
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Internal Pipe Pressure/ Flow Rate Relationship for 
3/16" orifices in 25.4 cm and 42.0 C1I Beds of Sand 
A and Sand B. 
/ 
. ' 
I 
, 
,--
I 
7 
• 
LL • 
0 
1-
w 
w 
LL ~ 
0.00 
Figure J.8 
• . .. ..,..,., 
FLUIDIZATION EXPERIMENT PIPE Ill - 1 / 4 IN. 
INTERNAL PIPE PRESSURES 
500.00 1000.00 
FLOW RATE 
1500.00 
(CCS) 
••••• 25.4 CM BED SANO A 
• • • • • 42.0 CU BED SAND A 
••••• 25.4 CM BED SAND 8 
••• • • 42.0 CM BED SAND 8 
2000.00 
Internal Pipe Pressure/ Flow Rate Relationship for 
1 / 4" or i f ices in 2 5 . 4 cm and 4 2 . O cm Beds of S incl A 
and sand B. . . 
' . 
" 
\0 
1'-1 
.. 
L.;...., 
I 
• 
I 
it: 
~ ~ 
1 \ 
.. 
INTERNAL PIPE PRESSURES 
SAND A 42.0 CM BED 
lL10 0 • 
ti 
~ 
.. 
J 
' 
// 
/ 
// 
,, 
~--.-- ··- -- . -- _.,. __ 
-· - -· .... 
••• • • 1 / 1 6" ORIACE PIPE 
••••• 1 /8" ORIACE PIPE 
AAAAA 1 /4" ORIFICE PIPE 
1-+-----rt I I f I f I I I I I i I I I I I I I I I I I I I f I I I I I I I 1 
0.00 200.00 400.00 600.00 800.00 
Figure J.9 
Fl __ OW RATE (CCS) 
Internal Pipe Pressure/ Flow Rate Relationship for 
1/16", 1/8", and 1/4" Orifices in 42.0 cm and 25.4 
cm Bed of Sand A. 
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Internal Pipe Pressure/ Flow Rate Relationship for 
1/16", 1/8'', and 1/4" orifices in a 42.0cm Bed of 
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Internal Pipe Pressure/ Flow Rate Relationship for 
1/16", 1/8'', 3/16'', and 1/4" orifices in a 42.0 cm 
Bed of Sand B. 
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The data acquisition system designed by Roberts (1986) 
and used by Clifford (1988) was modified in this • • xperiment 
to include a computer and signal amplifier and the 
modification of some wiring to allow the computer to advance 
the Scanivalve wafer ports. See Figure 2.5 which presents a 
flow chart for the data acquisition, system. Manual data 
collection is still feasible. The computer is used to 
initiate fluidization tank head data collection, advance the 
Scanivalves to ''read'' differerit head taps, and record pressure 
data. A Zenith Model ZFA-138-42 Portable Computer equipped 
with a Data Translation DT2808 Analog to Digital I/0 board was 
used. For information and specifications on the pressure 
transducer, Scanivalve wafers, and Valhalla Multimeter, see 
Roberts (1986). 
Using an interactive BASIC program written at Lehigh 
University for this experiment, an entire fluidization test 
can be controlled and data collected through the Zenith 
computer. Once an investigator interactively begins the 
,. 
program and selects. a repetition interval, a signal • 1S 
transmitted f~om the computer to an amplifier. The signal is 
amplified t,o a sufficient strength to switch the. pressure 
channels on the control panel. Switching pressure channels 
causes a solenoid drive to internally rotate a rotor inside 
109 
each Scanivalve wafer and open the stator port (input port) 
which connects a particul.ar pressure tap on the fluidization 
tank to the pressure transducer. Once the port is open, 
pressure from the fluidization tank is transmitted via Tygon 
flexible plastic tubing through a bank Scani valve to the 
single pressure transducer. In turn, the pressure transducer 
produces an electrical analog signal which is transmitted to 
a digital device, Valhalla multimeter. A voltage reading is 
sent from the multimeter back to the computer where its 
< 
magnitude is recorded. 
After a specific time lapse specified initially by the 
) 
investigator, the computer emits another signal to the control 
panel and the process begins again. After all twenty-four 
taps on a Scanivalve wafer have been ''read'', the computer 
sends an auxiliary signal which advances an independent wafer, 
switching banks so that another twenty-four taps on the second 
Scanivalve wafer can be "read." The entire process of 
emitting signals and collecting data continues until the taps 
on ail three of the Scanivalve wafers have been recorded.· The 
computer then shuts off. 
Due to the nature of the fluidization experiment, changes 
in the data acquisition system did not greatly improve the 
ability to accurately and quickly co,llect data. The following 
reasons are offered for explanation: 
1. Depending on the proximity of a ~ap to the 
110 
f.'. 
I', 
- I 
fluidization pipe and the range of pressures experienced 
by the tap, a long time lapse may be necessary to allow 
the pressure transducer to equalize allowing an accurate 
pressure reading. The time lapse required by each tap 
to equalize is unique. Since only a single constant 
repetition period is permitted by the computer, it is 
difficult to allow adequate lapse time for all taps 
without greatly prolonging the length of each test. 
2. The DT2808 board and computer S¥stem is made to record 
data occurring at a high frequency, ie. one record every 
5 microseconds. The maximum internal clock period for 
the DT2808 is O .1638 seconds. Because the fluidiz.ation 
process is relatively steady state once equalized, such 
frequent data recordings are unnecessary. Further, 
during the equalization period immediately after the 
wafer switches, data recorded by the computer may be 
inaccurate. Therefore, to control the switching and 
recording mechanism, an external clock with a much high 
clock period (15-45 seconds) would be required. 
Despite the data collection and data organization 
capabilities of the computerized data acquisition system, it 
was determined that in this experimental procedure, manual 
data collection provided more accurate and reliable results. 
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Figure Al - Sieve Analysis for Sands. 
and Collin (1979). 
Figure Modified from Weisman 
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PROPERTIES OF A SAND MEDIUM· 
SAND PROPERTY ROBERTS/CL!FFORD PRESENT STUDY VALUE VALUE FINE SAND COARSE SAND 
Specific Gravity 
Porosity 
Compacted 
Undisturbed 
Hydraulic Conductivity 
Average Horizontal 
2.67 
39.0 % 
46.0 % 
0.018 cm/s 
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APPENDIX C - CALCULATION 01' INTERNAL PIPE 
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APPENDIX C - CALCULATION OF INTERNAL PIPE PRESSURE 
Internal, fluidization pipe pressure is collected at 
various flow rates using pressure taps located on the source 
pipe and connected to a mercury manometer. The pressure taps, 
located 90 degrees apart around the source pipe, are connected 
to guarantee an average pressure reading which is considered 
to be the pressure at the center line of the pipe. Using 
surveying equipment, the elevation of the center line of the 
source pipe and the elevation of the zero mark on the mercury 
manometer were measured. The elevation of the zero mark of 
the manometer was found to be eleven (11) inches above the 
center line of the source pipe. Knowing this, manometer 
readings were converted into internal pipe pressure values in 
the following manner: 
11" 
G. _J._-• .-----, os: 
t P1PE 
Let 'R' be the total deflectlon (in inches) of the 
mercury manometer, 1w is the specific weight of water, 1m is 
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the specific weight of mercury (also equal to 13.6 x 7.), and 
'P' is the pressure in the pipe. 
Recall that pressure increases with depth in a fluid 
equal in magnitude to the expression (z2-z1 ) x pg, where (z2-
z1) is the change in elevation and pg is the density of the 
.. 
fluid x gravity, or specific weight of the fluid. Also recall 
\ 
that \tl!e pressure is 
l ,:-:·-----,....,-... -.... ):.,. 
the same at all points on a given 
-.~, ·,'\ 
horizontal plane in a fluid. KnOWing that the pre·ssure at 
point Din. Figure C.l is at atmospheric pressure, the pressure 
at point A,·or at the center line of the pipe is described by 
the equation: 
or 
PA/ ~w = pressure head described in. feet of water 
= 0 + (1/12 + 11/12) + 13.6 R - \R 
= 1.0 + 13.1 R, where R is in feet. 
For example, in Test # 10, with a 1/16" orifice pipe 
buried • in a 42. O cm bed of Sand A, at initiation of 
fluidization the total manometer deflection is 4. 35'' so, 
p A / ~ w = 1 • 0 + 13 . 1 ( 4 . 3 5 11 / 12 11 ) 
= 5.74 feet of water. 
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